Abstract The studies on the synthesis and thermal properties of linear neryl diesters were presented. The linear neryl diesters can be successfully obtained during butylstannoic catalyzed esterification process. The final conversion of nerol and carboxylic groups was higher than 95 % using a stoichiometric molar ratio of reagents in mild conditions. The high yield products were prepared after longer time than previously studied geranyl diesters. It was directly connected with the steric hindrance and lower susceptibility of nerol to esterification process than geraniol. The TG/FTIR/QMS studies proved that the thermal properties and decomposition mechanism of neryl diesters differ considerably in inert and oxidative atmosphere. The diesters were thermally stable up to 200°C in inert atmosphere. Their decomposition was run as a one-step process. The analyses of the volatile products emitted during their pyrolysis indicated on the ester and O-neryl bonds cleavage. It resulted in the formation of monoterpene hydrocarbons, cyclic acid anhydrides, ketones, or aldehydes. However, the studied compounds were less thermally stable in air than in helium. Their decomposition happened in two steps. The first step ranges from 185-228°C to almost 326-380°C with mass loss above 88 %. The formation of acyclic or alicylic monoterpene hydrocarbons, cyclic acid anhydrides, ketones, alkenes, alkanes, carbon dioxide, and water was expected. It indicated on the asymmetrical distrupt of the bonds, partial oxygenation, and decarboxylation of emitted gaseous fragments. The second step of decomposition was observed in temperatures ranges from 380 to above 560°C. In this step carbon dioxide and water were mainly emitted. It was the result of the oxidation of the residue formed during the fist step.
Introduction
Methods of thermal analysis are incredibly useful tool which helps characterize the thermal behavior of many materials such as organic, inorganic, or polymer products [1] [2] [3] . The thermal methods allow the specification of the characteristic temperatures and mass loss during decomposition. They enable to study of the course of pyrolysis or oxidation processes as well as the evaluation of mechanism of decomposition/degradation of various compounds. In addition, the connection of thermogravimetric analysis with the spectroscopic methods like FTIR or/and QMS permits to identify all volatile components which are released during heating. It helps to define the mechanism of decomposition of materials or their degradation kinetics [4] [5] [6] [7] [8] . The literature describes the thermal behavior and the mechanism of decomposition of many compounds like polymers [9] [10] [11] [12] [13] [14] [15] , salts of metals [16] [17] [18] [19] [20] , proteins [21, 22] , monomers, terpenes, esters, raw products, or others [23] [24] [25] [26] . However, to this time a less information is accessible on the thermal decomposition mechanism of terpene esters.
Terpene esters are organic, flavor compounds which are used in many industrial applications. They are utilized as components of many flavor and fragrance compositions. They are added to many detergents, daily products, food, tobaccos, and medical products. Also, those esters, especially slowly hydrolizable diesters of allylic perfume alcohols like geraniol, nerol, or citronellol may be used as additives in high temperature processing. Due to this, the knowledge of their thermal stability, evaporation, and mechanism of decomposition is necessary. Recently, we have presented the studies on the butylstannoic catalyzed synthesis, thermal behavior and the mechanism of decomposition of geranyl diesters in inert atmosphere [27] . Due to the promising results, we have decided to continue our studies on the synthesis of flavor diesters derivatives of allylic terpene alcohols and their thermal behavior. In those studies, as an allylic terpene alcohol-nerol was applied. Nerol is the cis-isomer of geraniol. It was found in 1902 year in neroli oil in which it occurs principally as acetate [28, 29] . It is also present in the oils of petitgrain, rose, Mexican lignaloes, and Helichrysum angustifolium. Nerol is a coloreless liquid with sweet rose odor fresher than geraniol.
In this work synthesis, characterization, and thermal behavior of linear neryl diesters: dineryl succinate, dineryl glutarate, dineryl adipinate, and dineryl sebacinate were presented. The thermal stability and the decomposition Wavenumber/cm -1 Transmittance/a.u. H NMR spectra of dineryl succinate (1), dineryl glutarate (2), dineryl adipinate (3), and dineryl sebacinate (4) mechanism of flavor compounds were evaluated based on the TG/FTIR/QMS-coupled method in inert and oxidative atmosphere.
Experimental

Materials
Nerol (cis-3,7-dimethyl-2,6-octadien-1-ol, 97 %) and glutaric anhydride (95 %) were purchased from Fluka. Succinic anhydride (99 %), adipic acid (99 %), and sebacic acid (98 %) were from Merck. Butylstannoic acid (catalyst) was obtained from Arkema Inc., USA. The reagents were used without further purification. Synthesis of linear neryl diesters
The neryl diesters were prepared according to procedure previously described [27] . The stoichiometric molar ratio of nerol (2 mol) and 1 mol of suitable acidic reagent: acid anhydride (succinic anhydride or glutaric anhydride) or dicarboxylic acid (adypic acid or sebacic acid) was used. The progress of the reaction was monitored by the determination of the residual acid content and by estimation of 1 H NMR spectra. The percentage conversion of carboxylic groups into ester was calculated as being equivalent to acid consumed. The percentage conversion of nerol into ester was evaluated based on 1 H NMR spectra. The integration values of methylene protons of nerol (d = 4.10 ppm) and methylene protons of neryl diesters (d = 4.60 ppm) were chosen for the calculation of the percentage conversion of terpene alcohol, according to the following equation:
; where E and A represent the results of the integration of methylene protons of diester and nerol, respectively [30] .
The final conversion of nerol and carboxylic groups were shown in Table 1 . The physical properties of diesters: density, viscosity, and refractive index were presented in Table 2 .
Analytical methods
Proton nuclear magnetic resonance ( 1 H NMR) spectra were obtained using an NMR Brucker-Avance 300 MSL (Germany) spectrometer at 300 MHz with deuterated chloroform (CDCl 3 ) as the solvent.
1 H NMR chemical shifts in parts per million (ppm) were reported downfield from 0.00 ppm using tetramethylsilane as an internal reference. Attenuated total reflection were recorded using infrared Fourier transform spectroscopy on spectrometer Brucker TENSOR 27, equipped with diamond crystal (Germany).
The spectra were recorded in the spectral range of 600-4,000 cm -1 with 16 scans per spectrum at a resolution of 4 cm -1 . 13 C NMR spectra were recorded on a Brucker 300 MSL instrument (Germany). Chemical shifts were referred to chloroform serving as an internal standard.
Viscosity was measured by means of rotating spindle rheometer at 25°C, Brookfield, model DV-III (Germany).
Density was evaluated using a glass pycnometer with capillary fuse Gay/Lussac (25 mL) at 23°C.
Refractive index was determined by refractometer Carl Zeis Jena at 23°C.
Acid number (mgKOH g -1
) was evaluated by titration of the sample against potassium hydroxide using phenolphthalein as an indicator and acetone as a solvent.
Thermal analysis was carried out on a STA 449 Jupiter F1, Netzsch (Germany) under the following operational conditions: heating rate of 10°C min -1 , a dynamic atmosphere of helium (40 mL min -1 ) or synthetic air (40 mL min -1 ), temperature range of 40-700°C, sample mass *10 mg, sensor thermocouple type S TG-DSC. As a reference empty Al 2 O 3 crucible was used. The identification of a gas emitted during decomposition process was detected and analyzed by FT IR spectrometer TGA 585 Brucker (Germany) and QMS 403C Aëolos (Germany) coupling on-line to STA instrument. The FTIR spectrometer with IR cell maintained at 200°C was connected on-line to STA instrument by Teflon transfer line with diameter of 2 mm heated to 200°C. The FTIR spectra were recorded in the spectral range of 650-4,000 cm -1 with 16 scans per spectrum at a resolution of 4 cm -1
. The QMS was operated with an electron impact ionizer with energy 70 eV. The measurements were performed in scan mode for m/z, where m is the mass of molecule and z is a charge of the molecule in electron charge units. The spectra were recorded in the range from 10 to 150 amu.
Results and discussion
Characterization of linear neryl diesters
The final conversion of nerol and carboxylic groups was higher than 95 % after 8-17 h, Table 1 . However, the final conversion of nerol and carboxylic groups was achieved after longer time than that obtained for recently studied geranyl diesters [27] . It was probably connected with the steric hindrance (the cis position of hydroxyl group), and thus to lower susceptibility of nerol to esterification process with anhydrides and acids than geraniol.
Nevertheless, those studies directly confirm that diesters derivatives of nerol can also be obtained with high purity using this method of synthesis. It allows limiting the consumption of substrates, eliminating of strong acid catalysts which are responsible for structural rearrangements of terpene alcohol. This preparation method allows increasing the yield of the main product, and thus reducing preparation cost. The obtained linear neryl diesters are flavor oils, soluble in most of organic solvents but insoluble in water. Their structure was precisely confirmed by FTIR, 1 H NMR, and 13 C NMR analyses, (Figs. 1, 2, 3) , respectively. The basic properties of neryl diesters are placed in Table 2 . It is clearly visible that their properties were directly depended on the structure of diesters. The viscosities were in the range from 13 mPas (dineryl succinate) to 38 mPas (dineryl sebacinate) and densities from 0.9850 to almost 1.0020 g cm -3 , respectively.
TG/FTIR/QMS characterization of linear neryl diesters
The thermal properties and the mechanism of decomposition of neryl diesters were studied by the TG/FTIR/QMScoupled method in inert atmosphere (helium) and in oxidative atmosphere (synthetic air). Figure 4 shows the TG, DTG, and DSC curves for studied compounds in inert atmosphere. The temperature of 5, 10, 20, 50 % of mass loss (T 5 % , T 10 % , T 20 % , T 50 % ), the residual mass at 700°C (RM), the temperature of the maximum rate of mass loss (T max ) obtained from TG-DTG curves during pyrolysis of diesters were placed in Table 3 . Also, the data from DSC curves like the onset (T onset ), max (T peak ), end (T end ) temperatures, and the enthalpy of decomposition (DH) of diesters in inert atmosphere were presented in Table 4 .
The results indicate that neryl diesters are thermally stable up to temperatures c.a. 200°C in helium. Their thermal stability was only a little lower than for previously described geranyl diesters [27] . Also, their decomposition run as a one-step process between temperatures ranges from c.a. 200 to above 340°C. The mass loss during their pyrolysis was significant. It oscillated between 89.77 % to almost 95.34 %. The residual mass at 700°C (RM) was from 4.66 % for dineryl succinate to 10.23 % for dineryl sebacinate. In addition, the DSC curves also show one endothermic peak corresponding to the mass loss displayed by the TG curves. In addition, the characteristic temperatures obtained from DSC were comparable to those from TG analysis. Figure 5 presents the IR spectra of gaseous products gathered at T max1 (a) and [31, 32] . Those results may suggest the formation of an acyclic and alicyclic monoterpene hydrocarbons, cyclic anhydrides, ketones, or aldehydes fragments during the pyrolysis of neryl diesters.
Additionally performed TG/QMS analysis directly confirmed the results obtained based on TG/FTIR. The MS spectra of gaseous products emitted at T max1 are shown in Fig. 6 . The probable route for the decomposition of studied [32] . Those results were in accordance with our previous studies. The type of decomposition products indicated on the asymmetrical disrupt of the bonds. The cleavage of the ester and O-neryl bonds were suspected. It confirmed that the decomposition process on neryl diesters proceeds according to the same path as for geranyl diesters in helium [27] . However, the thermal properties of studied compounds in oxidative atmosphere were considerable different from those obtained in inert atmosphere. The TG, DTG, and DSC curves and the data collected in air are presented in Fig. 7 , Tables 5 and 6 , respectively.
The thermal decomposition process of neryl diesters in air atmosphere run in two steps. The first, main decomposition step is visible in the temperature ranges from c.a. 185-228°C to almost 326-380°C with T max1 from 269 to 302°C. In the first step the mass loss was above 88 %. The second stage was observed in temperatures from 380 to above 560°C with T max2 from 479 to 511°C. The mass loss was about 10-12 % in this step. The DSC analysis shows three peaks. The first, exothermic peak is situated from c.a. 140°C with maximum temperature at 215-233°C (T peak1 ). It is directly connected with the oxidation process of studied compounds. The second one is endothermic (T peak2 ). Their presence and position indicate on the occurrence of the first decomposition step. The DSC results were in agreement with those obtained from TG analysis. The third peak is non-symmetrical, exothermic, and it spreads from 360 to above 550°C. The position of this signal is in accordance with the position of the degradation peak on DTG curves. Probably, it is the result of oxidation process of the residue formed after the main decomposition step of studied compounds. The FTIR spectra of gaseous products emitted at T max1 (a), T max1?5°C (b) and T max2 (c) during heating in air are presented in Fig. 8 . The appearance of strong absorption signals at 2,329-2,358 cm -1 characteristic for carbon dioxide was indicated. Also, the signals at 3,600-3,740 cm -1 (stretching vibration of -OH) connected with the presence of carboxylic groups or water during the first step was observed [21, [33] [34] [35] connected with the vibrations of C=O and C-O groups are also detected [31, 32] .
The QMS results gathered at T max1 in oxidative atmosphere are presented in Fig. 9 . The probable route for the decomposition of studied diesters in oxidative atmosphere is presented in [32] are expected during applied conditions. Those results indicated on the asymmetrical distrupt of the bonds, partial oxygenation, and decarboxylation of emitted gaseous fragments.
The TG/FTIR/QMS analysis confirmed that in the second decomposition step mainly the production of carbon dioxide and water is observed. It testifies to oxidation process of the residue formed during the first decomposition step.
Conclusions
The results confirmed that linear neryl diesters can be successfully obtained during butylstannoic acid catalyzed esterification process. The final conversion of nerol and carboxylic groups was higher than 95 % using a stoichiometric molar ratio of reagents in mild conditions. The high yield products were prepared after longer time than previously studied geranyl diesters. It was directly connected with the steric hindrance and lower susceptibility of nerol to esterification process than geraniol.
The TG/FTIR/QMS studies proved that the thermal properties and decomposition mechanism of neryl diesters differ considerably in inert and oxidative atmosphere. The flavor compounds were thermally stable up to 200°C in inert atmosphere. Their decomposition was run as a one-step process with T max1 268 to 322°C. The analyses of the volatile products emitted during pyrolysis of neryl diesters indicated on the same decomposition mechanism as for geranyl diesters. The ester and O-neryl bonds cleavage was suspected. It resulted in the formation of monoterpene hydrocarbons, cyclic acid anhydrides, ketones, and aldehydes fragments.
However, diesters were less thermally stable in air than in helium. Their decomposition happened in two steps. The first step ranges from 185 to 228°C to almost 326-380°C with mass loss above 88 %. The formation of acyclic or alicylic monoterpene hydrocarbons, cyclic acid anhydrides, ketones, alkenes, alkanes, carbon dioxide, and water was observed. It indicated on the asymmetrical distrupt of the bonds, partial oxygenation and decarboxylation of emitted gaseous fragments. The second step of decomposition was observed in temperatures ranges from 380 to above 560°C. In this step carbon dioxide and water were mainly emitted. It was the result of the oxidation of the residue formed during the fist step.
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